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Gyrodactylids are skin parasites of freshwater fish. These monogenean flukes have a direct life cycle allowing rapid population growth on their host and conferring an ability to transfer to a new host during their life cycle.\[[@ref1]\] Pathogenic species of monogenean parasite belonging to the genus *Gyrodactylus* have had significant economic impacts on populations of wild fish species, such as the situation reported in Norway caused by *Gyrodactylus salaris*, causing an economic loss to the salmon industry between 200 and 250 million NKR-Norwegian krone-(\~£ 27,634,600).\[[@ref2][@ref3]\] As parasites, gyrodactylids are forced to employ a range of transmission strategies to successfully reach their target, a new fish. Since *Gyrodactylus* has no larvae transmission stage in its life cycle, movement between hosts has to be granted by the full-growth adult that employs structural features to interpret both host and ambient environments. During this process of transmission or colonization, gyrodactylids appear to display and adapt to the behavior of the hosts using a wide range of behaviors in their transmission.\[[@ref4]\] One of the first descriptions of a gyrodactylid from dead hosts was detailed by Cable *et al*.\[[@ref5]\] These latter authors described the method by which *Gyrodactylus turnbulli* Harris, 1986 and its hosts, guppies *Poecilia reticulata* (Peters), come into close contact. After death, guppies float at the water\'s surface, its burden of *G. turnbulli* parasites move off these fish into the water film, hanging motionless with the haptor held by surface tension. Since guppies are surface feeders, detached parasites in the water film are using this host\'s behavior to increase the likelihood of contacting a new host. However, the majority of gyrodactylid species, if they are dislodged from the host\'s skin host, they sink until they reach a solid surface.\[[@ref5]\] Another interesting case of gyrodactylid behavior was reported by El-Naggar *et al*.\[[@ref6]\] These authors suggested that *Gyrodactylus rysavyi* Ergens, 1973 was capable of directional swimming by flexing its body, this involving \~4--8/s looping contractions in any direction. This motility was suggested to be an exceptionally efficient infection mechanism with respect to the Nile catfish, *Clarias gariepinus* (Burchell) host. By comparison, these authors reported that the closely related *Macrogyrodactylus congolensis* (Prudhoe, 1957) Yamaguti 1963 and *Macrogyrodactylus clarii* Gusev 1961 do not possess the ability to swim, even though they parasitize the same Nile catfish host. Behavioral flexibility in gyrodactylids may be important in the transmission process. Transmission from a dead host appears to be more efficient than from living ones\[[@ref7]\] concluded that parasites that remained on a dead host survived and maintained their infectivity for longer periods than detached worms.

*Gyrodactylus* species usually have preferred sites on their host which, depending on the transmission strategy they use, facilitate their transmission to new host. Gyrodactylids disperse effectively using a variety of mechanisms, but the most common is most likely through contact between living hosts. The transmission could be by direct host contact, through dead fish (scavenging or food items); transmission also occurs by contact with dead hosts, parasites attached to the substratum and worms drifting in the water column.\[[@ref5][@ref8][@ref9][@ref10][@ref11]\] In benthic species, such as the 3-spine stickleback, transmission via the substrate is noticeable and can be one of the most important routes of transmission. This transfer may be facilitated by the response of mechanoreceptors present on the tegument, detecting aquatic turbulence\[[@ref12]\] by a fish nearby. Research on monogeneans, particularly *Gyrodactylus*, has been important for understanding some of the basic interactions between hosts and their parasites this noticeable fact was observed during previous research,\[[@ref9][@ref10]\] these subjective observations suggest that maybe exits a morphological similitude with other animals. The development of this study was of interest because of the widespread elongation body of *Gyrodactylus* projection musculature system (i.e., chameleon\'s tongue). However, no previous study on the description of the ultrastructure musculature system or the fine structure and function of inner fibers complex of the myosin and actin bands in *Gyrodactylus*, unfortunately, remains unknown.

Recent investigations have been focused on ultrastructural component and have considerably expanded the understanding of invertebrate\'s ultrastructure. In gyrodactylids, according to the comprehensive studies elaborated by Bakke *et al*.,\[[@ref2]\] the extent of subtegumental variation in gyrodactylids is unknown; however, the basic structure of the tegument appears to be comparable with other monogeneans. This is the case of the detailed description of the tegument of gyrodactylids,\[[@ref13]\] *Gyrodactylus eucaliae*.\[[@ref14]\] Taking in account some of the most important researches from the past 10 years concerning muscle layers and their muscular arrangements on monogenans using confocal scanning microscopy, that is, *M. clarii* and more recently, in *M. congolensis* showed the structural haptor components.\[[@ref15][@ref16][@ref17]\]

Our research attempts to identify the elastic fibers structure for which previous works within invertebrates\[[@ref18]\] and give a more detailed account of the function of these fiber bands and its implications for muscle elasticity-contraction in gyrodactylids, especially its role during gyrodactylid transmission to new host. It is also exciting to know the variation in the actin and myosin share which could be correlated with the function of *G. gasterostei*. In this study, we hypothesized the existence of a coil or elastic muscle component in the body of *G. gasterostei*. The narrow focus of this study on invertebrate muscle composition, especially the ultrastructure has not been explored previously of a broader description of possible ways, in which fiber proteins may control muscle elasticity and its possible role in parasite transmission. Therefore, the aim of this study is to describe the ultrastructure of the musculature fibers of *G. gasterostei* and its role in the transmission process. Transmission electron microscopy (TEM) was employed to localize the typical arrangement of skeletal muscle with, myosin and actin bands, in the underlying epithelium of *G. gasterostei*. This is the first attempt to illustrate the role of coil muscle as a possible transmission factor in this model fish parasite.
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Source of hosts and parasites {#sec2-1}
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A *G. gasterostei*/*Gasterosteus aculeatus* L. stickleback model was used \[[Figure 1](#F1){ref-type="fig"}\]. Fish used for the study was collected and euthanized according to the methodology previously described.\[[@ref9][@ref10]\] Individual sticklebacks were euthanized with an admixture of water and an overdose (0.01/L^−1^) of anesthetic 2-phenoxyethanol (Merck, Germany) and placed in individual Petri dishes containing filtered (0.45 μm Minisart Sartorius Stedim, Biotech) water taken from the same source. Worms detaching naturally from the host tissue were then used for the analysis \[[Figure 2](#F2){ref-type="fig"}\]. Around 100 worms were carefully removed with a 200 μl pipette and placed individually into 3 cm Petri dishes containing clean water for further microscopy analysis. In this work, the identification of *G. gasterostei* specimen was based on hook morphology, particularly that of the marginal hook sickle.\[[@ref12]\] All experiments followed the Home Office, UK Animals (scientific procedures) act 1986 scientific procedures on living animals Licence/ppl no. 60/4088, 60/4715.

![Light micrographs of *Gyrodactylus gasterostei* Gläser, 1974-nested like "Russian dolls." (a) Two individuals: (1) containing a fully grown daughter in utero, notice the hooks (arrow); (2) with another daughter within her (3). One individual (\*) showing an empty uterus (arrowed head). Scale bar = 0.5 mm. (b) Light micrograph of the massive infection on the caudal fin of the ectoparasite *Gyrodactylus* on *Gasterosteus aculeatus* L. host, notice the muscle elasticity and body extension of the monogenean (arrow) and one motionless worm (arrowhead). Scale bar: 2 mm](JMAU-6-177-g001){#F1}

![Gyrodactylids moving off experimental *Gasterosteus aculeatus* fish hosts. Scale bar = 1 mm](JMAU-6-177-g002){#F2}

Transmission electron microscopy {#sec2-2}
--------------------------------

A total of 100 individual worms were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer and then postfixed in 1% osmium tetroxide. Specimens were then en bloc stained in 2% uranyl acetate and 30% acetone before dehydrating them through a 60%--100% acetone series. Specimens were then embedded in Spurr resin and cut at 50--70 nm. TEM sections were first stained with 4% uranyl acetate in 50% ethanol and then Reynolds lead citrate. Sections were viewed on a Tecnai G2 Spirit Biotwin TEM.\[[@ref9][@ref10][@ref12]\]
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This study describes aspects of the ultrastructure function of the muscle *G. gasterostei* to its fish host, including the role of migrating worms. Photographic evidence of actin-myosin in the muscle, confirming the presence of these components. To determine the type of sub-tegument muscle components, TEM revealed a well-organized sub-tegumental musculature with several layers of fibers close to the tegument, consistently actin-myosin characteristics. These fibers run perpendicular to the longitudinal fibers and run parallel to the body of the parasite \[[Figure 3](#F3){ref-type="fig"}\]. In some zones, an intermediate layer of paired longitudinal muscle fibers is observed \[[Figure 4](#F4){ref-type="fig"}\].

![Transmission electron microscopy micrographs of *Gyrodactylus gasterostei*. The muscle revealed a well-organized sub-tegumental musculature with several layers of elongated and thin muscle fibers (\*) divided by a thin layer close to the tegument, consistently actin/myosin muscle fibers (arrow white and black) showing dense bodies (arrow head) running perpendicular to the longitudinal fibers and run parallel to the body](JMAU-6-177-g003){#F3}

![Transmission electron microscopy micrographs of *Gyrodactylus gasterostei.* Longitudinal section of a fiber showing a relaxing muscle (arrow), the fibers are densely packed myofilaments sections (mf) showing dense bodies (arrow head) and absence of striations, Tegument (Te)](JMAU-6-177-g004){#F4}
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========================

This study describes aspects of the ultrastructure of the muscle fibers and the transmission of *G. gasterostei* to its *G. aculeatus* host, including the role and presence of myosin and actin bands in the parasite musculature. This study is set out to develop a better understanding of the behavioral research linked with the ultrastructure of the muscle involved in the transmission of *Gyrodactylus* sp. and exploratory microscopy techniques. The study of gyrodactylids which includes parasitology is vital to understand the biology of these monogeneans, without continuing research into those parasites and pathogens which are known to infect economical farmed species then the welfare of fish stocks cannot be guaranteed. There is, however, a lack of basic understanding of the composition of the musculature and its relation with the mechanisms of transmission, host-finding behavior, and of the cues prompting dispersal and host seeking in important monogenean groups such as gyrodactylids which infect a wide range of aquaculture species, which if untreated can cause significant mortalities in hatcheries and economic losses. Our study shows that in *G. gasterostei* musculature is assembled into striated muscle-like filaments in a sub-tegumental muscle construction. Striated muscles in the invertebrates may have evolved using the same basic building blocks, but in different organizations according to Sulbarán *et al*.,\[[@ref19]\] who studied the musculature on flatworms *Schistosoma* sp., it appears likely that myosin and its assembly into side-polar filaments may be a specialization to the smooth muscles of vertebrates. The latest author\'s findings were challenged as they described as: "the paradigm (based on studies of vertebrates) that smooth and striated muscles have distinctly different components." These results underline that classification of muscle based simply on the presence or absence of striations only partially reflects its diversity in primitive invertebrate organisms which appear to have evolved using similar myosin and actin components, but different Z-line constituents as these authors concluded. Other authors have described the presence of striated muscle of other invertebrates, that is, planarians\[[@ref20]\] and cnidarians,\[[@ref21]\] suggesting that the same structural muscle source may relate in other species. Great advances were elaborated studying the invertebrate group by Royuela *et al*.,\[[@ref22]\] their studies included: "the myofilament length is inversely related to the contraction speed, which was higher in the striated muscles than in the obliquely striated muscles." In vertebrates, the smooth muscle seems to be less rapid than the striated muscle because their myofilaments are longer. In smooth muscles, the presence of apparently unordered electron-dense bodies instead of ordered Z-lines and the absence of true sarcomeres permit a certain overlapping of thin filaments increasing the range of shortening. The latest results are consistent with that of the results found in the present research in monogenean specifically *Gyrodactylus*.

Since early studies it was underline the fundamental importance concerning the knowledge based on the use of invertebrate muscles,\[[@ref18]\] to described the diversity of invertebrates muscles and their classified contraction was defined taking into account the excitation-contraction combination sequence. Recently, in the study elaborated by Hooper and Thuma,\[[@ref23]\] this research highlighted the presence of muscle-like cells in the *Radiata* group, implying that: "the first Bilaterian had a complete, or near-complete, complement of present-day muscle proteins." These results concluded that the diversity of invertebrate muscle proteins and genes could resolve phylogenetic relationships and coevolution. This research without a doubt stresses the importance in the study of musculature and function in the vast invertebrate group.

The invertebrate elastic proteins have some similarities in structure according to Royuela *et al*. and Bullard *et al*.\[[@ref22][@ref24]\] In the work presented by Royuela *et al*.,\[[@ref22]\] they identified that the muscle range of shortening is related to the distance that thin filaments can go over when they are displaced by thick filaments and the contraction strength is related to the number of actin-myosin in the fiber. A detailed, ultrastructure examination of the muscle component may improve current understanding of *Gyrodactylus* species. This musculature features may constitute a projection system favoring to reach a nearby fish host in gyrodactylids.

Transmission strategies have been suggested by Harris *et al*.;\[[@ref8]\](1) via contact with live hosts, (2) via dead hosts, (3) by detached parasites drifting in the water column, and (4) by parasites attached to the substrate. This transmission potential, coupled with their high fecundity, allows gyrodactylids to rapidly colonize new river systems. Although these transmission routes, sensilla distribution, and hook attachment have been studied,\[[@ref25]\] ultrastructure of mechano, chemio and photoreceptors have been studied extensively\[[@ref9][@ref10][@ref12]\] and the ultrastructure and location of stored lipids in gyrodactylids.\[[@ref26]\] In the present study, we provide photographic data concerning the muscle properties structures that are found on the tegument and in the sub-tegumental zone of *G. gasterostei* that infected 3-spine sticklebacks. This investigation complements preceding other work on gyrodactylids and offers additional information on tegument internal structures. It may be likely to mention that certain gyrodactylids attached on the substrate on benthic fish host might behave in the same way. However, Olstad *et al*.\[[@ref7]\] described that detached *G. salaris* uses a strategy whereby it sits stationary on the substrate at an angle waiting for a potential host and only making occasional circular exploratory movements. This observation was also described on *G. gasterostei* by Grano-Maldonado\[[@ref12]\] during that study; it is clear that *G. gasterostei* on 3-spine sticklebacks respond to elongate his body, that is, in order to reach a new host or to move freely on the surface of the fish \[[Figure 1b](#F1){ref-type="fig"}\].

Despite the comprehensive descriptions of monogeneans describing the neuromusculature of *M. clarii* using confocal microscopy\[[@ref15][@ref16]\] about the muscle cues that elicit or enable body\'s elongation to attach to a new fish host, these authors undertook the first intensive investigation regarding the functionality of monogenean including neuromusculature a detailed description of their structure. However, the muscle cues that elicit or enable elongate the body to attach to a new target host is at its infancy. There is currently a lack of basic understanding of the muscular mechanisms or how the morphological muscular specialization in gyrodactylids and host seeking from direct fish-to-fish encounter or free-living dispersal. It is evident that this morphological muscle specialization is tuned to functional advantage in gyrodactylids. However, the full extent of the muscular capabilities of the parasite is unknown. The ultrastructure and function of the associated musculature in gyrodactylids may be associated with some resemblances in the musculature of the lizard\'s tongue giving the "elastic" properties to extend their body. Clarification of the basic biology of the monogenenan and its musculature systems, such as proteins and peptides structure, could bring new insights for the identification of novel targets for antiparasitic drugs against gyrodactylids warrant further extensive research. This may be the case of antagonist compounds that mimic or block the natural transmitter (e.g., on muscle or nerve).\[[@ref27]\] Consequently, the focus of research is moving toward finding alternative methods to control parasites, which may target muscle system. This requires an increased understanding of gyrodactylid biology and behavior.\[[@ref7]\] The economic cost of any new potential treatments must also be considered.

This study suggests for the first time that certain actin-myosin bands presented on the muscle of gyrodactylids conferring elasticity to the muscle described, may serve as key transmission factor. A feasible observable fact avoiding comparison between an invertebrate (monogenenan) and the specialized tongue-muscle of lizard species is the retractile musculature\[[@ref9]\] features present in both species.

To conclude, we have shown that the presence of actin-myosin striated muscles in *Gyrodactylus* is very likely to have a similar contractile machinery. Our work showed that the component integral to muscle function in gyrodactylids may have a transmission function. In the present study, results showed that the properties of the elastic ultrastructure and function of the gyrodactylids musculature are a key factor on the *Gyrodactylus*-host transmission systems. Further research with supportive electrophysiology, immunohistochemical studies using antibodies raised against actin-myosin may also prove to be useful and the measurement of tension in isolated myofibrils may give a direct estimate of elasticity of the muscle fibers should be considered. Future studies, in conjunction with confocal scanning laser microscopy, phalloidin fluorescence technique, and cytochemistry, could verify or disprove this hypothesis.
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